Abstract-A theoretical characterization of intracell and intercell interference statistics in cellular direct-sequence code-division multiple-access systems in a multipath environment is presented considering both fast and slow power control. Unlike many of the previous papers, mobiles are assumed to connect to a base station according to a minimum attenuation criterion, also known as base station diversity. Interference statistics are used to estimate system capacity and results have been validated by Monte Carlo simulations. Our results confirm that much greater capacity can be achieved when multipath fading is compensated by power control, while the relative benefits of perfect compensation of multipath fading decreases as the number of resolvable paths at the receiver increases.
I. INTRODUCTION

D
IRECT-SEQUENCE code-division multiple-access (DS/CDMA) systems are well known to be interference limited and to require power control to achieve large capacity. In spite of the vast literature on cellular DS/CDMA systems dealing with power control and its effect on capacity, some issues have not yet been fully addressed. Usually, the effect of multipath fading on system capacity is implicitly considered in the required energy per bit to interference density ratio [1] , [2] . However, the joint effect of power control and multipath fading will significantly affect interference statistics, which are closely related to capacity in CDMA systems [3] , [4] . In addition, while great efforts have been made to characterize intercell interference, intracell interference is usually oversimplified or not taken into account in the derivation of interference statistics. On the other hand, analytical results for the performance of cellular CDMA systems with fast power control under multipath fading has been recently presented. However, to simplify the analytical models, mobiles are usually assumed to connect to the closest base station [5] - [7] , while in a real system, mobiles will connect to the base station that offers the best average propagation conditions. The goal of this contribution is to derive an analytical model for a complete characterization of both intercell and intracell interference in a cellular DS/CDMA system where cell selection is based on a minimum attenuation criterion and the effects of multipath fading are explicitly taken into account. Since interference statistics are closely related to power control, the impact of fast and slow power control on interference statistics is also analyzed.
II. SYSTEM MODEL
We consider the uplink channel of a cellular DS/CDMA system with hexagonal cells and users per cell. Each user communicates with the base station that provides the least average attenuation among a set of closest base stations. This is known as base station diversity. The area of the system will, thus, be divided in two regions: region , which contains the points having the reference base station among the nearest base stations, and region , which contains the points not having among the nearest base stations. The size and the shape of these regions are a function of . The cases for and are shown in Fig. 1 . The radio channel is affected by distance, path-loss exponent, log-normal shadowing, and multipath fading. It is assumed that the shadowing process is slow enough so that it can always be compensated by power control. In real systems, power control is based on short-term averaged signal-to-interference ratio value. However, to simplify our analytical approach, instantaneous strength-based power control is assumed. Both the cases of slow and fast power control are considered. With fast power control, the rapid fluctuations due to multipath fading are compensated. This situation is possible if closed-loop power control is employed with a power command updating rate greater than ten times the maximum fading rate [8] . On the other hand, for users moving at a high speed, the fading rate is so high that the fading process cannot be tracked by the power control. In this case, multipath fading is not compensated.
We consider that equal strength signals with Rayleigh distribution are received and optimally combined in RAKE receivers. The power of the multipath fading will, thus, have a chi-squared distribution with degrees of freedom, with probability density function (1)
III. INTERFERENCE STATISTICS
A. Intercell Interference
Let be the required power received at a base station from a mobile connected to this base station. The normalized instantaneous interference at due to an active mobile located at the point ( ) in the region will be given by (2) where is the distance between mobile and base station is the path-loss exponent, is a random variable modeling the shadowing effect between mobile and base station , which is assumed to follow a Gaussian distribution with mean zero and deviation is a random variable modeling the multipath fading process between mobile and base station , and is a random variable modeling the additional power transmitted by a mobile to compensate the multipath fading to the base station to which it is connected. Therefore, if fast power control is employed , while for the case of slow power control, it is clear that . The moment of order of the normalized interference generated by user in will be (3) with where . Defining as the complementary cumulative distribution function of a standard (zero mean, unit variance) Gaussian process; the first factor in (3) can be found to be given by [2] , [9] (4)
The second factor in (3) can be found to be given by (5) On the other hand, it is clear that the third factor in (3) can be omitted for the case of slow power control, while for the case of fast power control, considering that the transmitted power is unlimited, we have (6) Note that for and , we must consider that the mobiles' transmitted power is limited in practice. In this case, there is not a closed form solution for the integral in (6) and it must be solved numerically. In order to obtain expressions in a compact form, we consider that the number of resolvable paths is higher than two.
For a mobile in the region , we proceed nearly as before, but for the mobile to generate intercell interference, the minimum average attenuation to the nearest base stations must be lower than the attenuation to . Therefore, the moment of order of the intercell interference from a mobile in will be given by (7) with , where for the first factor in (7), we have [2] , [9] (8)
Note that, in our model, correlated shadowing can be accomplished by simply substituting by in (4) and (8), where is the correlation coefficient of the shadowing between a mobile and two different base stations [9] . Considering voice users with voice activity factor , hexagonal cells with radius normalized to unity and uniform density of mobile users with magnitude users per unit area, the mean and variance of the total intercell interference will be (9) (10) where and are, respectively, the areas of the regions and , and
Solving, we obtain (12)
where, for slow power control, and , while for fast power control we have On the other hand, the interference factors and are obtained by evaluating the above integrals numerically. Results for and are shown in Table I for and different values of .
B. Intracell Interference
The normalized instantaneous intracell interference generated at by an active mobile in the region (note that mobiles in the region cannot generate intracell interference) will be given by (14) where is a random variable modeling the signal variations of a considered user at the receptor that power control has not eliminated and is a Bernoulli distributed random variable taking values zero (mobile is not connected to ) and one (mobile is connected to ), with . Therefore, represents the probability that mobile is connected to and is given by (15) Or, more conveniently (16) Therefore, the probability that mobile located in the region is connected to can be found to be (17)
On the other hand, it is clear that the random variable in (14) is one for the case of fast power control, while for slow power control, the channel variations due to multipath fading are not compensated and, therefore, . Taking this into account, the moment of order of the normalized interference generated by a mobile is simply for fast power control, while for slow power control, we have (18) The mean and variance of the total intracell interference can be found by integrating the mean and variance of a given mobile throughout region , that is Table I for and different values of . 
C. Total Interference
Assuming the intercell and intracell interference to be independent, the statistics of the normalized total interference will be (23) (24) IV. PROBABILITY OF OUTAGE An outage will be considered to occur when the received is below a given required value . Therefore, neglecting the background noise, the probability of outage for a given user can be written to be (25) where , is the spreading bandwidth, and is the information bit rate.
For the case of slow power control, it is clear that for the considered user, therefore, assuming a Gaussian model for the total interference, we can write (26) For the case of fast power control, compensation of multipath fading results in the occasional transmission of high power levels, which adds picks of interference to the system by mobiles causing intercell interference and resulting in a deviation from the central limit theorem [6] , [8] . In this case, the total interference distribution is unknown but, for the number of users of interest, this distribution can be matched with a log-normal distribution with reasonable accuracy, as we will show in the results. Therefore, taking into account that for the desired user considering fast power control, from (25), we can write MHz, kb/s, dB, and . Though will usually be different for fast and slow power control, for the sake of comparison, we have assumed to be 5.6 dB, as in [5] and [6] , in both cases. System capacity will be the maximum number of users per cell so that the probability of outage is below 0.01. Table II provides intercell and intracell interference statistics and capacity for different number of resolvable paths. Our results show that a great benefit can be obtained with fast power control. As perfect compensation of multipath fading results in higher total interference statistics due to fading compensation, our results suggest that system capacity is more sensitive to variations in the received signal that have not been compensated by power control than to total interference. On the other hand, an increase in capacity of around 77% can be seen for slow power control when the received signal is smoothed out by an increase in the number of resolvable paths from three to five. This increase in results in an increase in capacity of around 21% for a system with fast power control. That is, the relative benefits of perfect compensation of multipath fading decreases as the number of resolvable paths at the receiver increases. Fig. 2 provides a comparison of the probability of outage for fast and slow power control. The presented numerical results have been validated by Monte Carlo simulation. For slow power control, simulation results agree with our analytical model with great accuracy. For fast power control, the total interference distribution is unknown, but simulation results show that the lognormal assumption is a good approximation. We also present results considering the approach in [5] , where it was assumed instantaneous fast power control for a system where mobiles connect either to the closest or to the reference base station, and the effects of shadowing on intracell interference were omitted. It is clear that, in that case, the results are quite different to the more realistic approach presented here.
VI. CONCLUSION
A complete interference characterization of cellular DS/CDMA systems with base station diversity under multipath fading has been provided, considering both fast and slow power control. The interference statistics have been used to estimate system capacity. Our results show that, although fast power control increases the overall interference due to the occasional transmission of high power levels to compensate deep fades, a significant benefit in capacity can be expected with the use of fast power control. Our results also show that the relative benefits of perfect compensation of multipath fading decreases as the number of resolvable paths at the receiver increases.
